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SUMMARY 

Further work has been car r ied  out on cor re la t ion  length and time 
s tudies  of t h e  plasma turbulence spectrum i n  t h e  highly ionized argon 
arc .  
ments of  radial,azimuthal,and a x i a l  parameters. 
growth i n  d i f f e ren t  frequency regions of t he  spectrum and the  sense of 
energy cascade has been studied both experimentally and theo re t i ca l ly .  
Preliminary r e s u l t s  show differences from those of other workers. The 
technique used can a l s o  be applied t o  determine whether c l a s s i c a l  or  anoma- 
lous d i f fus ion  across  t h e  magnetic f i e ld  i s  dominant. 
method has been developed fo r  remote sensing of coherent i n s t a b i l i t i e s  and 
a feedback scheme has been successfully applied t o  s t a b i l i z e  t h e  plasma 
against  t h e  development of these coherent i n s t a b i l i t i e s .  A t h e o r e t i c a l  
analysis  shows promise i n  explaining t h e  underlying mechanisms responsible 
for wave growth i n  d i f f e ren t  r a d i a l  regions of t h e  inhomogeneous plasma. 

New probe diagnost ics  have been developed t o  allow improved measure- 
The r e l a t ion  between wave 

An o p t i c a l  diagnost ic  
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INTRODUCTION 

This report  i s  concerned with the  new r e s u l t s  which have been obtained 
since the  last semi-annual s t a tus  report  i n  October, and r e s u l t s  presented 
at the  November meeting of the  American Physical Society a r e  not included. 
This paper w a s :  
G. Huchital, J. H. Noon and W. C. Jennings, Bull. Amer. Phys. SOC. 15, 1428 

"Correlation Measurements of Plasma Turbulence Spectra", 

(1970) e 

The main emphasis i n  the  present study i s  on the  complex interplay and 

This i s  a l so  re la ted  t o  plasma losses  
energy exchange between turbulent portions of the  observed spectrum and 
coherent o sc i l l a t ions  i n  t he  plasma. 
across the  magnetic f i e l d .  
mental measurements over a l imited range of wave numbers and frequencies, 
it i s  c lear  t h a t  i n  an inhomogeneous plasma i n  a magnetic f i e l d ,  s ign i f icant  
differences can be ant ic ipated i n  various regions of the  plasma. 

Although we have t h e  capabi l i ty  of making experi- 

I n  addition we have developed new diagnostic techniques and a feedback 
s t ab i l i za t ion  scheme. This allows the  poss ib i l i t y  of controll ing turbulence 
and i n s t a b i l i t y  leve ls  without t he  necessity for  a l t e r ing  plasma parameters 
by external  controls  such as gas flow r a t e ,  magnetic f i e l d ,  e tc .  A var ie ty  
of experiments a re  planned to take advantage of t h i s  f a c i l i t y .  

All of the  work car r ied  out has relevance both t o  problems of th rus tors  
The tech- for manned space f l i g h t  and to energy generation by plasma means. 

niques used have general appl icabi l i ty .  
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I. Determination of Diffusion Coefficient by the Diffusion Wave Technique 

In the hollow cathode discharge, if charged-particle density perturba- 
tions are excited in one region of the plasma by an external source generating 
a sinusoidal electric field, density waves will diffuse from the point of 
excitation. These waves are called diffusion waves. By monitoring the 
amplitude of the density fluctuations and the phase, both the type of diffu- 
sion in a magnetic field and the magnitude of the diffusion coefficient can 
be determined. 

had a relatively low charged particle density (10’ - 1010/cm3) and were 
dominated by charged particle-neutral atom collisions at pressures of 0.03 - 
1.0 Torr. Golubev’s experimental measurements agreed with collisional 
ambipolar diffusion theory for magnetic fields up to 1500 oersteds. 
and Brown 
across the magnetic field in a dense, highly ionized argon plasma where charged 
particle collisions must be taken into account. They used a hollow cathode 
discharge similar to the device at Rensselaer. The diffusion waves were 
excited by superimposing an alternating component on the discharge current. 
This caused the density perturbation t o  be applied to the arc core plasma 
and gave rise to diffusion radially outward from the core. 
Brown’s results, (taken over a very small magnetic field range (500 - 5 5 G )  
appear to indicate that collisional diffusion is the dominant process. 
were unable to go beyond this range of magnetic field because the noise 
level in the plasma increased to the point where measurements of density 
amplitudes and phases of the diffusion wave were impossible, 
made in their report of whether or not coherent oscillati6rswere present, 
nor was the diffusion coefficient monitored with changes in the level of 
noise or turbulence. 

1 This technique was named and first employed y Golubev e His plasmas 

Flannery 2 used this diffusion wave technique t o  estimate diffusion rates 

Flannery and 

They 

No mention was 

In the Rensselaer arc we are able to carry out measurements over an 
increased range of magnetic field (200 - 2200 gauss), by making use of a 
PAR m8 lock-in amplifier. 
sional (B-2), and turbulent (B”) diffision with and without the presence 
of large coherent instabilities, while also monitoring the effect of the 
level of turbulence on the diffusion. We can also extend measurements over 
a much larger range of magnetic fields, where anomalous plasma transport is 
more likely to be important. 

In this way it is possible to study both colli- 

A. Diffusion Wave Theory 

We have developed a theory which represents an extension of that pre- 
sented by Flannery and Brown, and offers the possibility of examining the 
effect of turbulence not only upon the type of diffusion across the magnetic 
field, but also on the way in which energy cascades amongst different fre- 
quency components. 
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The plasma i s  considered quasi-neutral, (n = n-) ,  and the  diffusion 
wave source i s  located close to the  a rc  core, ahowing the wave to diff'use 
r ad ia l ly  outward. 
and using the  ion cont inui ty  equation, t he  s p a t i a l  var ia t ion of t he  d i f fu-  
sion wave i n  densi ty  and phase may be solved for.  

Assuming a r a d i a l  f lux of p a r t i c l e s  due to diffusion,  

The ion continuity equation 

can be wr i t ten  as  

where and a re  the  r a d i a l  and axial.. fluxes of ions respectively.  r Adopting the  model used by Flannery and Brown, the  following assumptions 
a r e  made: 

1. The plasma densi ty  and temperature a r e  ax ia l ly  uniform over 
the  length of the  arc ,  L i n  the  region considered 

3 

2. The r a d i a l  f l ux  of pa r t i c l e s ,  i s  constant along the  
a x i a l  length of  the  a rc  

3. The ions a re  s t  ing a x i a l l y  with a directed ve loc i ty  
vs zs (k Te/mi> fF** 

With these assumptions equation (2) may be integrated along the  a x i a l  
direct ion z t o  y ie ld  

ee where ee 

* 
t ransport  i n  a one dimensional low pressure discharge. 
found t h a t  a t  low pressures the directed plasma veloci ty  near the  end 
walls was the  Bohm sheath velocity.  

T h i s  assumption i s  based on Self and Ewald's3 theo re t i ca l  treatment of 
Self and Ewald 
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e - i s  an adjustable parameter of t he  order of unity,  to allow fo r  t he  f a c t  
t h a t  assumption (3) above may not be e n t i r e l y  correct ,  and i s  determined 
from experimental data.  

Theref ore  

There a re  t w o  possible cases to consider 

a. If the  ion diff 'usion may be described by the r a t e  of anomalous 
diff 'csion 

r (5) 

Here w e  have changed the  o r ig ina l  form of the  Bohm equation t o  
include the  e f f ec t  of e lectron temperature gradients.  

b. For c l a s s i c a l  ambipolar diffusion the  r a d i a l  f l ux  may be 
approximated by 

Where gei i s  the  electron-ion co l l i s ion  frequency 
me 

T e 9  1 

i s  the  electron cyclotron frequency 
T. i s  t h e  electron, ion temperature i n  e'd 

Equation (6) i s  s t r i c t l y  va l id  only for  t he  case of a f 'ully ionized 
plasma. 
value for  r a d i a l  f lux  since the  e f fec t ive  co l l i s ion  frequency i s  under- 
estimated. 

For the  case of a highly ionized discharge it represents a minimum 

BOHM DIFFUSION 

For the  case of Bohm diffusion,  equation (4) may be wr i t ten  as 

We assume t h a t  the  densi ty  i s  given by n = n + n 
i s  the  densi ty  pert8rbation of the'diffusion 

where n -  i s  the  1 9  s t a t i c  densi ty  of ions and n 1 
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wave which i s  of t he  form 

sv Bi) wi th  N ( r )  = a r e a l  number* 

Using t h i s  per turbat ion i n  equation (7) and taking only the  t i m e  varying 
component, yields 

a 

c 

Set t ing  t h e  imaginary p a r t  of t h i s  equation = 0 

This can be solved for the  r a d i a l  var ia t ion  of t h e  amplitude of t h e  
per turbat  ion 
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Using t h i s  result and the  r e a l  p a r t  of equation (9) an equation f o r  k, 
t h e  wave number of  t h e  d i f fus ion  wave, can be found 

lBI 

Assuming kr = $, where $ = phase s h i f t  i n  radians,  we  can obtain another 
equation 

Q 

The d i f fus ion  coef f ic ien t  D i s  given by 

CLASSICAL D I F F U S I O N  

The same calculat ions can be performed f o r  t he  case of c l a s s i c a l  diffu-  
sion using equations (4) and (6). From t h i s  w e  f ind 

and 
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and - 312 T. and Yei = Const n Te 
1 

Where we have assumed Te 

C =  Const e 

m u  e e  

The diffusion coef f ic ien t  i s  given by 

2 

USING THEOR€CTICAL PREDICTIONS 

In order to be able to f i t  the  theory t o  experimental r e s u l t s  f o r  k o r  
@, a d i g i t a l  computer solut ion i s  required. 
as adjustable  parameters i n  the theory, but a unique solution requires  f ix ing  
both quant i t ies .  

The quant i t ies  E and D 

In prac t ice ,  temperature and densi ty  p ro f i l e s  a r e  determined by Lang- 
muir probe measurements i n  the plasma. 
e f f e c t s  c l a s s i c a l  and Bohm diffusion have on the  propagation of a d i f fu-  
sion wave, sample densi ty  and temperature p ro f i l e s  representing t y p i c a l  
a r c  conditions were taken, (see Fig. l), and fed i n t o  the d i g i t a l  computer 
t o  predict  t h e  propagation of the diffusion wave. It can be seen t h a t  f o r  
both Bohm and c l a s s i c a l  (Figs. 2 and 3) diffusion,  the  propagation of t he  
d i f f U i o n  wave i s  g rea t ly  affected by both t h e  magnetic f i e l d  s t rength and 
the  frequency of t he  wave i t s e l f .  
frequency diffusion wave Bohm and c l a s s i c a l  diffusion theory predict  vas t ly  
d i f f e ren t  propagation charac te r i s t ics ,  

I n  order t o  see the  d i f f e ren t  

It a l so  can be seen t h a t  fo r  a given 

THE EXPERIMENT 

The diffusion wave is  fed i n t o  the  plasma by placing an a l t e rna t ing  
voltage on a Iangmuir probe posit ioned a t  the  edge of the  a rc  core. 
The densi ty  amplitude and phase of the wave i s  detected by another Lang- 
muir probe which i s  r a d i a l l y  movable i n  the  same plane as the feeder 
probe. To measure the  densi ty  amplitude the  r e su l t i ng  probe s igna l  i s  
fed i n t o  a Hewlett Packard model 3x0 wave analyzer. The phase of the  
wave i s  determined by feeding the probe s igna l  i n t o  a PAR model HR 8 
lock-in amplifier.  These measurements a re  being performed a t  t h i s  time. 
The use of the  high s e n s i t i v i t y  lock-in amplifier should increase the  
range of magnetic f i e l d  strength t h a t  t h i s  technique i s  applicable to, 
thus making it possible to observe changes i n  the  magnitude of t he  
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diff'usion coef f ic ien t  and the  change from c l a s s i c a l  t o  anomalous diff'u- 
sion with changes i n  t he  l e v e l  of turbulence and the  onset of large 
coherent i n s t a b i l i t i e s  such as the  d r i f t  wave and ion acoustic wave 
previously report ed3* 
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. 

Typical A r c  Conditions 
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e 

Phase Shift vs. distance from arc core; B = 350 G, 
0 , Classical Diffusion LU = 6 KHZ; 

, B = 1500 G Bohm Diffusion u) = 60 KHz 

0 

0 
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Phase Shift of Diffusion Wave 

for  Classical Diffusion; B = 890 G 

distance from arc core; 
30 KHz for Bohm Diffusion; 6 X H Z ;  30 KHZ 

e 
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I1 Wave Wave- Interact ion 

Nonlinear in te rac t ion  between d i f fe ren t  waves i n  a plasnia has been 
considered by several  authors5-'', 
and frequencies of th ree  waves s a t i s f y  the  condition kl + kg = k3 and 
"1 + 9 = w 
d i t ion  of c 2' a s s i c a l  diff'usion. 
between the  waves i s  evident. 
equations of t he  l a s t  section. 

It i s  found t h a t  if the wave numbers 

the  amplitudes of t he  three  waves a re  coupled under the  con- 

This can be seen by examining the two bas ic  
If Bohm diffusion i s  assumed, no coupling 

For the  case where we assume Bohm diffusion, using the  cont inui ty  
equation we have 

For Classical  diffusion 

(11-1) 

Assuming a densi ty  n = n + n where n i s  the  densi ty  perturbation and 
n only the  equation gelatgd t o  c l ags i ca l  diffusion w i l l  be non-linear no Pf i n  the  densi ty  ne  Thus i f  we assume t h e  perturbed densi ty  i s  of t he  form 

where 

(D e 

(11-4) 
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= K. r - W.1 
j J  J 

3 1  K = K  +K2 
K = real constant 
W = real constant 

w = w1 + w2 3 
Equation 11-1 will exhibit no coupling between the three perturbations n , n2 
ZES?~~ n along with nl, n2 and n 

The usual notation for  a perturbation in density is n 
If we let k and cu both be complex quantities with k 
cu = W -k cu (t) the perturbation can be written in tffe form 

whereas the classical diffusion equation (11-2) will couple the &-ee 

3" 0 

+ C.C. (kr - cut) 
= K + kr(r) and 

r r 

i k r ( r ) .  r + k I e r  -iwr(t) +y (t) t 
e and a(%) a e rf we let N ( r )  e 

the Perturbation can be written in the form of equation 11-4. 

Inserting equation 11-4 into equation 11-2 we end up with an equation 
of the form 
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One possible  s l u t ion  t o  t h i s  equation can be found by se t t i ng  a l l  
coef f ic ien ts  of e k' = 0,  mere fo re  

A (r, t) + i B (r, t )  = 0 

A (r, t;) = 0 
o r  

; B (r, t) = 0 

For t h i s  case i f  we l e t  N ( r )  be real 
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Qs where (8 

and 

ifiJ 
Writing a.(t) = the imaginary part of equation 11-7 

3 be comes 
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The real part of equation 11-7 is 

or 

6 

(11-10) 

and 

(11-11) 
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where A B and C are the appropriate terms in brackets in equation 11-9 
or 11-8. I’ 1 1 

a@, 
Similarly for the coefficients of e (equation 11-6) 

and 

where in equations I1 12, 1-3 A2, B2’ C2 replace the equivalent terms A 1’ B13 il in equations I1 10, 11with the subscripts 1 and 2 interchanged. 1 

i @3 
A l s o  f o r  the coefficients of e 

=+ 

(11-14) 
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where 

6 “I - and 

a 

(11-16) 

If  we assume t h a t  the  third wave i s  i n i t i a l l y  absent (a (0) = 0) and 
s u d  b -  1 -  , the  r e a l  p a r t s  .of these equations can be wri t ten 3 

i n  Laplace transform form as 
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Eliminating a2 from the above equations 

1 or eliminating a 

(11-18) 

To a first approximation, 

1 a b *2 X 
- - - e -  - - 

N1 .. N2 3 N 

therefore 

(11-20) 

where \ a  \ and la2 \ are the initial values of waves 1 and 2. Thus we 
can see tkgt the time gependence of the three waves are directly coupled to 
each other. 

we find 3 \a Solving equations 11-17 and 11-20 for 

(11-21) 
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Equations of this form were derived by Das' using the continuity and 
momentum equations for electrons along with Maxwell's equations. 
able to solve equation 11-21 and similar equations for la,\ and \a 
to show that the energy is being periodically exchanged among the three waves 
in an energy transfer cycle. Under a specific set of conditions this. trans- 
fer of energy will go only in one direction, 
continually and the first two wave gradually die out. 

He was 

1 

The third wave begins to grow 

This technique may be used to explain some of the three wave interactions 
we observe in the Rensselaer hollow cathode discharge, but its importance may 
lie in extending the perturbations to include turbulent oscillations. 

Assuming a perturbation of the form 

coupled equations of the form 

L 

8 

L 

I . 

can be found which may be used to explain the cascade of energy amongst 
different frequency components in a turbulent plasma. 
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111, Experiment 

Examples of t h e  wave-wave in t e rac t ion  process can be seen i n  our plasma 
by ex terna l ly  exc i t ing  a d i f fus ion  wave (see Section 1) i n  t he  presence of a 
la rge  coherent o sc i l l a t ion .  Figure 4 shows t h e  in te rac t ion  of a d i f fus ion  
wave a t  60 KHz with a 4 KHz ion acoust ic  wave and i t s  harmonics. Both sum 
and difference frequency waves are exci ted (Qw O~IAW, .qw CUHarmonics)* 
The same e f f e c t  can be seen f o r  t h e  in te rac t ion  of a d i f fus ion  wave and a 
5 KHz d r i f t  wave (Fig. 5 ) ,  but  i n  t h i s  case no harmonics of t h e  d r i f t  wave 
were present.  Sum and difference frequencies were generated a t  %w t a d  and 
only t h e  sum frequency a t  %w + 2 cud. The d i f fe rence  frequency %w - 2 ad 
may be lost i n  t he  noise s ince no cor re la t ion  techniques w a s  used to attempt 
to separate  it out. 

Wave in t e rac t ions  l i k e  t h i s  do not always occur for  a l l  r a d i a l  posi t ions 
i n  t h e  a rc .  
ion acous t ic  wave and i t s  harmonics. 
generated. 
t i o n  located at  25KHz causing it to decrease i n  amplitude and almost become 
lost i n  t h e  noise. 

In  Fig. 6 t h e  d i f fus ion  wave a t  60 KHz i s  in te rac t ing  with an 
It appears t h a t  only sum frequencies are 

At t h e  same time, t h e  diffusion wave i n t e r a c t s  with a small o s c i l l a -  

Fig. 7 was taken a t  a r a d i a l  pos i t ion  where no la rge  harmonics of t h e  
ion acoust ic  wave were present ,  and i n  t h i s  case t h e  appl icat ion of  t h e  
d i f fus ion  wave feeds energy i n t o  a broad range of frequencies around 25 KHz 
without a f f ec t ing  t h e  ion acoust ic  wave or  i t s  harmonics s ign i f icant ly .  
These e f f e c t s  can be seen f o r  a la rge  range of d i f fus ion  wave frequencies 
(25 KHz - 100 KHz at least) Work i s  being car r ied  out a t  t h i s  t i m e  t o  
determine exact ly  what plasma conditions a re  influencing t h e  wave-wave i n t e r -  
ac t ions  which occur. 

If t h e  da t a  of Fig. 7 i s  s tudied on a graph with an expanded amplitude 
axis it can be seen t h a t  t h e  energy of t h e  d i f fus ion  wave i s  being coupled 
out both up a?$ down t h e  frequency spectrum. This i s  contrary to what w a s  
found by Roth who observed a cascade of energy only from low frequencies 
t o  higher frequencies. 
based on wave-wave in t e rac t ions  as described i n  t h e  last section. Quanti- 
tative predict ions,  however, are not possible  at  t h e  present t i m e .  

These differences may be reconciled by a theory 

The cascade of energy i n  both d i rec t ions  can be seen more c l ea r ly  
under d i f f e ren t  operating conditions where any coherent o s c i l l a t i o n s  t h a t  
are present a r e  smaller than the  ion acoust ic  or dr i f t  waves discussed 
previously. Figure 8 shows c l ea r ly  t h a t  t h e  energy from t h e  d i f fus ion  
wave i s  cascading i n  both d i rec t ions ,  with most of t h e  energy going i n t o  
those frequency components close to t h e  d i f fus ion  wave frequency. The low 
frequency port ion of t h e  spectrum i s  a l s o  affected.  The noise l e v e l  seems 
to r ise  s l igh t ly ,  while t h e  coherent o s c i l l a t i o n  i s  sh i f t ed  i n  frequency. 
Again at  d i f f e ren t  pos i t ions  i n  t h e  plasma t h e  d i rec t ion  of cascade i s  not 
constant. At a d i f f e ren t  radius,  (Fig. g), only t h e  pa r t  of  t h e  spectrum 
near t h e  wave i s  a f fec ted  by the  exc i ta t ion  of t h e  diffusion wave. Changing 



-22- 

t h e  magnetic f i e l d  a l s o  causes a d i f f e r e n t  e f f e c t ,  as i n  Fig. 10, where t h e  
addi t ion of t h e  d i f fus ion  wave has no e f f e c t  on the  turbulent  spectrum. 

A t  t h i s  time it has not been poss ib le  t o  co r re l a t e  t he  d i f f e r e n t  types 
of energy cascade observed w i t h  changing plasma conditions but  work i s  con- 
t inu ing  on t h i s  topic .  
described i n  t h e  last  sec t ion  can be used t o  explain observed phenomena. 

It seems l i k e l y  t h a t  t he  wave-wave in t e rac t ion  theory 
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I V .  Feedback Stab i l iza t ion  

introduction 

Much of t he  work car r ied  out recent ly  a t  Rensselaer i s  concerned w i t h  
es tabl ishing whether anomalously high loss  r a t e s  of charged p a r t i c l e s  from 
a plasma confined by a magnetic f i e l d  a re  r e l a t ed  t o  the presence of tu- 
bulence and coherent i n s t a b i l i t i e s .  i n  order to quant i ta t ive ly  inves t iga te  
the  physical  mechanisms involved, it i s  necessary to be able  t o  cont ro l  t he  
magnitude of these osc i l l a t ions  by means other  than alterjlng ex terna l  para- 
meters such as gas flow-rate, pressure and magnetic f i e ld .  We have recent ly  
developed feedback s t ab i l i za t ion  techniques t o  apply o these previously 
iden t i f i ed  i n s t a b i l i t i e s  i n  the  Rensselaer HCD source . The preliminary 
r e s u l t s  presented i n  t h i s  report  dea l  mainly with one of t h e  coherent i n s t a -  
b i l i t i e s ,  t h e  d r i f t -d i s s ipa t ive  wave. 
i n s t a b i l i t y  can be control led over a range from complete suppression (to 
t he  noise l e v e l ) ,  t o  an enhancement f ac to r  of approximately two. 

k 
W e  f ind  t h a t  the  amplitude of t h i s  

The s t a b i l i z a t i o n  system developed involves: (1) a sensing or moni- 
t o r ing  element which provides a s igna l  proportional to t he  magnitude of t he  
i n s t a b i l i t y ,  (2) a phase-shift ing,  amplifying network, and (3)  a suppressing 
element by which a nul l ing  or compensating s igna l  i s  fed back i n t o  the  plasma. 
The i n i t i a l  work reported here involved the  use of Langmuir probes as both 
sensing and suppressing elements, but t h e  major objective of t he  program i s  
t o  deveEop remote sensing and suppressin5 applicable to higher energy densi ty  
plasmas where it i s  not f eas ib l e  t o  introduce elements within the  plasma con- 
f in ing  chamber. 
bation of t h e  plasma medium. 

Further, such a technique would produce the  m i n i m u m  per tur -  

Work on s t ab i l i za t ion  techniques i n  a va r i e ty  of plasma devices has been 
success; for ex p l e  Arsenin reported by y2ny autho 'S with varying degrees o 

and Chuyanov , Kee14~~~'J~7, Parker and Thomassenf5, Simonen e t  
and Hagi29, have done experiments on t h e  d r i f t  wave using local ized feedback 
elements . 

and Tanaca 

a ' a t ions  of t he  type of  suppressor element have been nvestigated by 
Chen ",", where neu t r a l  beams w e r  employed, and Chu e t  ax2' used microwaves. 
Infrared l a s e r s  have been proposed'' as the  suppressing element, but no experi- 
mental work has been performed. 

22 Extending t h i s  technique t o  other i n s t a b i l i t i e s ;  Garscadden and Bletzinger 
have used feedback to s t a b i l i z e  an ion acoust ic  wave, while wor 
verse Kelvi -Helmholtz i n s t a b i l i t y  has been reported by Carlyleb3, Chu e t  a1 , 
and Simonen2'. Attempts to control  t he  cyclot on i n s t a b i l i t y  have been made by 
Arsenin, Zhi l ' t sov,  Likhtenshtein and Chulnov a 

9i on t h e  t r a n  

28 

A p a r t  from the  microwave experiment and those using neu t r a l  beams, a l l  
t he  suppressing elements used to date  have commonly been large p l a t e  e lectrodes,  
These devices may per turb the  plasma by t h e i r  contact with it and thus are 
undesirable., 



- 31- 

B, Feedback S tab i l i za t ion  System 

The feedback s t a b i l i z a t i o n  system developed i s  shown i n  block diagram 
form i n  Fig. 12. 
and t h e  current  drawn w a s  passed through a r e s i s t o r  t o  y i e l d  a vol tage pro- 
po r t iona l  t o  t h e  charged p a r t i c l e  dens i ty  ( cu r ren t )  f luc tua t ions  associated 
with t h e  i n s t a b i l i t y .  This s igna l  w a s  then f i l t e r e d  by t h e  se l ec t ive  ampli- 
f ier ,  r e s u l t i n g  i n  a 3 - 4 KHz bandwidth, centered a t  t h e  frequency of the  
i n s t a b i l i t y , ,  
spectrum was to avoid t h e  p o s s i b i l i t y  of t h e  suppressor s igna l  containing 
frequencies which could exc i t e  higher order eigenmodes of t he  i n s t a b i l i t y .  
The a.c.  suppressor s i g n a l  was then phase sh i f t ed ,  amplified and appl ied to 
t h e  suppressor probe through a b ias ing  network. The b ias ing  network allows 
t h e  suppressor e lec t rode  t o  be a t  e i t h e r  a pos i t i ve  or  a negative d-c l e v e l  
with respect  to t h e  plasma. 

The sensor probe was biased a t  -50 v ( ion  sa tura t ion  region) ,  

The reason f o r  a t tenuat ing  t h e  remainder of t h e  frequency 

Three probes were used, a l l  of 20 m i l  diameter tungsten w i r e  and 5 mm 
long. 
separated a x i a l l y  by approximately 1 em. 
30 ern away from t h e  feedback elements, a t  the  same azimuthal posi t ion.  It 
i s  biased exac t ly  as t h e  sensor probe. 
amplitude of  t h e  i n s t a b i l i t y  are read from t h e  de tec tor  probe s igna l ,  using 
t h e  wave analyzer as a frequency s e l e c t i v e  voltmeter.  

The probes are movable r a d i a l l y ,  and sensor and suppressor probes a r e  
The de tec t ing  probe i s  located 

A l l  quan t i t a t ive  measurements of  t h e  

Measurements are made of t h e  amplitude of t h e  i n s t a b i l i t y ,  both i n  t h e  

The gain of t h e  feedback system, the  phase s h i f t  introduced by t h e  
unperturbed s t a t e  (no feedback), and during t h e  appl ica t ion  of t h e  suppressing 
s igna l .  
feedback network, and t h e  change i n  frequency of t h e  i n s t a b i l i t y  under t h e  
appl icat ion of t h e  suppressor s igna l  a r e  a l s o  recorded. The amplitudes, gain,  
and frequency can a l l  be accurately measured by the  model 31-0 wave analyzer. 
Phase s h i f t  i s  measured to within 5' through the  use of a PAR-HR-E), precis ion 
lock-in amplif ier .  This i s  a s i g n i f i c a n t  improvement ove the  e r r o r  inherent  
i n  phase measurement systems used i n  o ther  laboratories:' Gain and phase 
a r e  measured a t  t h e  suppressor probe, with t h e  input  t o  the  phase s h i f t  ne t -  
work as t h e  reference.  

Although da ta  acquis i t ion  would seem straightforward,  severa l  problems 
a r e  introduced by t h e  dynamics of t h e  feedback network, t h e  instrumentation 
and t h e  turbulence of t h e  a r c  discharge,  r e f l ec t ed  i n  the  noise l e v e l  of  t h e  
s igna ls  involved. 

The noise  problem cannot be completely resolved and indeed t h e  e f f e c t  
of  these  turbulen t  plasma f luc tua t ions  represent  a major i n t e r e s t  i n  t h i s  
work. 
l e v e l  below t h a t  inherent  i n  the  a r c  i t s e l f ,  by using low noise  components 

E f fo r t s  have been made to prevent any ex te rna l ly  introduced noise  
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such as the  213 preamplif ier ,  
of  any measurement, e spec ia l ly  t h a t  of phase. 
system, such as an ex te rna l ly  t r iggered  osci l loscope,  i s  t o t a l l l y  inadequate 
f o r  our purposes. The major reason fo r  employing t h e  HR-8 lock-in ampl i f ie r  
t o  measure phase i s  i t s  a b i l i t y  t o  d is t inguish  coherence even when the re  i s  
only a small s i g n a l  t o  noise  r a t i o .  

Noise can s i g n i f i c a n t l y  degrade t h e  r e l i a b i l i t y  
Thus a simple phase measurement 

The problems i n  instrumentation have a l l  been s a t i s f a c t o r i l y  overcome 
except f o r  t h a t  caused by t h e  extreme non- l inear i ty  of  the  dynamic response 
of  a Langmuir probe, and t h e  f a c t  t h a t  t h e  probe response changes with posi-  
t i o n  i n  t h e  a rc .  I n  essence w e  have an impedance matching problem where t h e  
input r e s i s t ance  changes by four orders  of  magnitude over t h e  dynamic range 
involved, This problem cannot be e n t i r e l y  solved s ince it i s  inherent  i n  
t h e  device. It has been found, however, t h a t  b e s t  r e s u l t s  are obtained by 
b ias ing  t h e  suppressor probe s l i g h t l y  pos i t i ve  with respect  t o  f l o a t i n g  
p o t e n t i a l  (e lec t ron  co l l ec t ing )  

There i s  one o ther  problem introduced by t h e  dynamics of t he  system 
t h a t  makes necessary p a r t i c u l a r  care i n  measurement. A s  w i l l  be shown i n  
t h e  next sec t ion ,  t h e  i n s t a b i l i t y  frequency changes as a f'unction of phase 
s h i f t .  This presents  an instrumentation problem i n  t h e  measurement of t h e  
phase s h i f t  introduced. It i s  necessary t o  cont inua l ly  monitor t h i s  f r e -  
quency change, otherwise s ign i f i can t  phase e r rors ,  of  the  order of bo0 can 
r e s u l t ,  s ince  t h e  HR-8 u t i l i z e s  high Q, tuned amplif iers .  This source of 
e r r o r  can be eliminated by retuning t h e  reference channel of t he  HR-8 for 
each measurement. This i s  a v a l i d  procedure as t h e  Q of t h e  reference 
channel i s  t h e  same as t h e  Q of t he  s i g n a l  channel, both being set by exter- 
n a l  cont ro ls  

A f t e r  e l iminat ion or reduction of t h e  instrumentation problems out- 
l i ned  above, t h e  system developed has provided da ta  with a high degree of 
reproducib i l i ty .  Furthermore, t he  bas i c  components of t h e  system are 
r ead i ly  adaptable t o  the  use of other  types of sensor and suppressor elements. 

C. Feedback S tab i l i za t ion  of t h e  D r i f t  Wave 

1. Theoret ical  Considerations 

The feedback s t a b i l i z a t i o n  system w a s  developed fo r  t h e  purpose of 
studying plasma turbulence i n  the  presence of cont ro l led  amplitude, coherent 
o s c i l l a t i o n s ,  

has used a phenomenological approach t o  a theory,  based on h i s  experim 
i n  a somewhat similar device. He makes use of t h e  der  Pol equation , 
modified t o  include a phase s h i f t  t e r m ,  = t - T; T = t h e  delay 
time; CUT = @, t h e  phase s h i f t  = constan 

No s a t i s f a c t o r y  theory appl icable  t o  our inhomogeneous, h i  h ly  
ionized plasma has been devised t o  explain how s t a b i l i z a t i o n  works. Keen f 3 

,p 
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n =  1 
o =  

0 
a =  
B =  
g =  

- - 

The modification t o  
density fluctuation 

density fluctuation 
natural frequency of the oscillation 

linear growth rate of the oscillation 
non-linear saturation coefficient of the oscillation 
absolute gain of the feedback system 
quasi-time 

Van der Pol's equation, g cuo 
phase-shifted, ( T ); and ampli ied, (g) 

( '$' ), represents the 2 
n* 

Writing equation (1) in the form of a difference-differential equation 
and assuming a solution of the form nl = a sin cut, the following conditions 
hold for the steady state: 

2 2  a 0 - a = -g ( o o * / ~ )  ao2 sin ei 

where a. = (kX/3f3)1/2 = unperturbed amplitude 

and a = perturbed amplitude 

Rearranging equation (2) : 
r) 

(4-2) 

(4-3) 

(4-4) 

Effect of Phase; 

changed, with greater variatPon for higher values of gain, and optimum 
suppression a.t 270°, (sin 270' = -1). Equation (3) predicts o = 0) at 
$ = 270'; therefore, with $ for optimum suppression, we have: 

2 This predicts that (a/a ) will vary as sin fi when the phase shift is 

0 

(4-5) 

Effect of Gain: 

2 This predicts a linear decrease of (a/a ) from 1 to 0 as g is increased 
0 from o to a/oo. 

Returning to equation (3), taking the square root of each side we obtain: 
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A t  maximum suppression gm,, = a/oo 1, therefore  (g cos (p) 
- and (6) can be expanded t o  y ie ld :  

g cos 
2 w * o  1 +  

0 

- -  - g cos (p 2 A o  
w 

0 

Equation (7) pred ic t s  t he  frequency of t h e  i n s t a b i l i t y  w i l l  change with 
phase s h i f t  and follow a cosine var ia t ion.  It a l so  pred ic t s  l a rge r  frequency 
changes f o r  higher gains. 

Realizing the  l imited v a l i d i t y  of t he  model represented i n  t h e  Van der Pol 
approach, it i s  expected t h a t  t h i s  theory w i l l  on ly ind ica t e the  major t rends 
to be expected i n  any r e a l  feedback system. This i s  confirmed by the  experi- 
mental da ta  presented i n  the  next section. 

2. Experimental Results 

Presented i n  t h i s  sect ion a r e  preliminary results exhibi t ing the  a b i l i t y  
of t h e  feedback system t o  control  t he  amplitude of t h e  d r i f t  i n s t a b i l i t y  which 
develops i n  the  plasma under cer ta in  operating conditions of t he  arc.  

2 Equation (5) of t he  preceeding sect ion predic t s  a l i nea r  p l o t  of (a/a ) 
This da ta  i s  shown i n  Fig. ?3 - vs. Gain, with (p set f o r  optimum suppression. 

f o r  several  r a d i  1 separations of t h e  sensor and suppressor probe. It can be 
seen t h a t  (a/aQ) 
t h e  re la t ionship  i s  not l i nea r  as predicted by (5) ,  except over a small range 
of gain. Fig. 1-3 shows a l s o  t h a t  bes t  r e s u l t s  are obtained when t h e  suppressor 
probe i s  located i n  the  region where t h e  i n s t a b i l i t y  has i t s  m a x i m u m  growth 
r a t e ;  and tha t  as t h e  r a d i a l  separation i s  increased, suppression becomes less 
effect ive.  

9 i s  a monotonically decreasing function of t he  gain, although 

2 
Data of (a/ao) - vs.  phase t, f o r  two d i f f e ren t  gains, i s  presented i n  

Fig. 14. It i s  r ead i ly  appare a t  grea te r  suppression occurs a t  higher gain, 
as predicted by equation2(4) equation a l so  pred ic t s  a funct ional  var ia-  
t i o n  of s i n  # f o r  (a/ao) , where (p i s  t h e  phase s h i f t .  The da ta  i s  i n  agreement . 
with t h i s  predicted var ia t ion ,  but optimum suppression occurs a t  approximately 
300' instead of 270°. 

Fig. 15 shows the  change of frequency of the  i n s t a b i l i t y  as a function of 
phase s h i r t .  
shows t h i s  trend. 

Equation (7) pred ic t s  a cos 6 var ia t ion .  The da ta  d e f i n i t e l y  
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2 
Represented i n  Fig. 16 i s  (a/a ) vs. R-Ro, the  r a d i a l  separation of 

t h e  sensor and suppressor probes, !?he sensor probe i s  fixed a t  t h e  d r i f t  
wave m a x i m u m ,  R * and the  phase s h i f t  and gain a re  kept constant a t  t h e i r  

0' values f o r  m a x i m u m  suppression a t  R-Ro = 0 cm. This graph points  out t he  
e f f e c t  of t h e  s p a t i a l  separation, and allows an estimate of the  s p a t i a l  
coherence length of the  i n s t a b i l i t y .  The suppressor s igna l  should be 
in jec ted  within a s p a t i a l  coherence length of t h e  sensor s igna l  i n  order 
t o  achieve suppression. The magnitude of the  s p a t i a l  coherence length i s  
of order cm f o r  the  conditions under which the  da ta  shown i n  Fig. 16 
w a s  taken. 

Fig. 17 i s  included i n  t h i s  discussion f o r  completeness and shows the  
var ia t ion  i n  amplitude of t h e  d r i f t  wave as a f'unction of R-R without 
feedback. Under these pa r t i cu la r  operating conditions Ro w a s  1.0 cm from 
t h e  core of t he  plasma. The r a d i a l  locat ion a t  which m a x i m u m  amplitude 
of t he  d r i f t  wave occurs changes, ( ly ing  closer  to t h e  a rc  core) ,  as the  
ex terna l  magnetic f i e l d  i s  increased. 

0' 

3. Discussion 

Keen' s l 3  data f i t t e d  t h e  equations presented e a r l i e r  remarkably well. 
H i s  highly ionized plasma w a s  somewhat similar to ours, but there  were several  
differences i n  apparatus and technique. 

The biggest  difference i n  the  feedback system w a s  t h a t  Keen used up to 
four la rge  p l a t e  e lectrodes f o r  h i s  suppressing elements. These are i n  con- 
t a c t  with t h e  outer  region of the  plasma and t h e  presence of the  suppressor 
elements alone may s ign i f i can t ly  per turb the  plasma. 
much more local ized element. 

A Langmuir probe i s  a 

Keen used up to four separate feedback loops f o r  suppression, whereas 
w e  employed only one. 

These two differences could account f o r  any var ia t ions  i n  observed 
r e s u l t s . ~  Moreover h i s  device i s  not exact ly  l i k e  our HCD. 
cathode a r c  has ba f f l e s  and d i f f e r e n t i a l  pumping, with an e l e c t r o s t a t i c  
f ie ld- f ree  region for  t he  plasma, and a lower l e v e l  of plasma turbulence 
than we observe. 
our device, but  would defeat  the  purpose of studying the  e f f ec t s  of turbu- 
lence on plasma propert ies .  

Keen's hollow 

Such a regime of operation could a l so  be achieved i n  

The phenomenological approach through Van der Pol ' s  equation can be 
used t o  explain the  observed experimental observations. 
derived from basic  plasma equations, r e l a t i n g  t h e  constants and var iables  
of t h i s  equation to parameters of t he  discharge would be much more des i rab le  
f o r  a SHller understanding of feedback s t ab i l i za t ion .  
Hendel have used t h i s  approach successfully on t h e i r  &-machine. The 
difference between thermal cesium plasmas and HCD plasmas precludes any 
attempt to apply t h i s  theory d i r e c t l y  to our device. 

However a theory, 

Simonen, Chu, and 

A modified form r e l a t i n g  
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density,  temperature, t h e i r  s p a t i a l  gradients,  co l l i s ion  times, e l e c t r i c  
f i e l d s ,  e tc .  may wel l  be successf'ul. For example, the  'apparent'  dis- 
crepancy i n  the  predicted value of the  phase s h i f t  f o r  m a x i m u m  suppression 
may be r e l a t ed  t o  the  phase difference between the  charged p a r t i c l e  density 
and po ten t i a l  f luc tua t ions  associated w i t h  the  drift wave. 
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V. Optical  Detection Techniques f o r  Plasma I n s t a b i l i t i e s  

A. Introduction 

An o p t i c a l  technique has been developed f o r  detect ing and measuring 
plasma i n s t a b i l i t i e s  i n  t h e  Rensselaer hollow cathode discharge by moni- 
t o r i n g  f luc tua t ions  i n  t h e  in t ens i ty  of t h e  l i g h t  emitted by t h e  plasma. 
The i n i t i a l  i n t e r e s t  i n  t h i s  system arose from inves t iga t ion  of feed- 
back s t a b i l i z a t i o n  of plasma i n s t a b i l i t i e s  which i s  described elsewhere 
i n  t h i s  repor t .  
capable of de tec t ing  t h e  i n s t a b i l i t y  without perturbing t h e  plasma. 

The feedback loop requi res  a remote sensing element 

Although Langmuir probes are t h e  simplest and best understood tliagnostic 
elements, t h e i r  usefulness i n  a feedback s t a b i l i z a t i o n  system i s  l imited by 
t h e  f a c t  t h a t  t h e i r  performance may be rap id ly  degraded when used i n  high 
energy plasma devices. An o p t i c a l  system, on t h e  other  hand, o f f e r s  two 
major advantages over t h e  Langmuir probe. F i r s t ,  by monitoring spontaneous 
l i g h t  emission, an o p t i c a l  measurement i n  no way d is turbs  the  plasma medium 
under consideration. Secondly, an o p t i c a l  system allows measurements tobe 
made i n  any region of' t h e  plasma, regardless  of temperature i f  a reasonable 
degree of o p t i c a l  thinness  exists. An o p t i c a l  system usually,  however, has 
one d i s t i n c t  disadvantage when compared t o  a Langmuir probe. An o p t i c a l  
system lacks a high degree of spatial reso lu t ion  and y i e lds  information 
which i s  averaged over a much la rge  volume of t he  plasma than obtained by 
a Langmuir probe. The system we have developed, however, demonstrates 
good s p a t i a l  resolut ion perpendicular to i t s  o p t i c a l  axis, and some resolu- 
t i o n  along i t s  o p t i c a l  axis. The system has not  only shown i t s e l f  t o  be a 
sensor of a f u l l y  developed i n s t a b i l i t y ,  but has proven t o  be a use fu l  
diagnost ic  t o o l ;  f o r  example, it has allowed exploration of t he  core of t h e  
hollow cathode discharge where Langmuir probe measurements cannot r ead i ly  
be made. 

B. Design and Operation 

The o p t i c a l  sensor cons is t s  of a 14 inch s ingle-s tage boresight o p t i c a l  
system b u i l t  t o  f i t  an ex i s t ing  probe po r t  on t h e  Rensselaer hollow cathode 
discharge. The boresight cons is t s  of t h ree  lenses:  a 30 mm foca l  length 
microscope object ive,  a 125 mm eyepiece, and a 34 mm f i e l d  lens  mounted on 
movable s tops i n  acy l ind r i ca lhous ing  f i t t e d  ins ide  t h e  Pyrex probe port .  
The boresight  ac tua l ly  a c t s  as a periscope by guiding l i g h t  from t h e  plasma 
through t h e  long, narrow arm of t h e  probe port  and forming a three dimen- 
s iona l  image of t h e  plasma core and t h e  surrounding lower densi ty  plasma 
a t  a locat ion 44 em from the  end of t h e  Pyrex a r m .  
adjustable  width, which can be moved e i t h e r  along t h e  o p t i c a l  axis or t r ans -  
verse to it, i s  posit ioned within t h e  th ree  dimensional image. 
of' t h e  sampling s l i t  allows l i g h t  from a ce r t a in  s p a t i a l  region of t h e  
plasma t o  pass through it, while blocking l i g h t  from other regions. 
allows grea te r  s p a t i a l  resolut ion than most o p t i c a l  systems, where t h e  a i m  
i s  t o  focus as rnuch l i g h t  as possible  on a s ing le  foca l  plane. The Rensse- 
laer system s t r i v e s  t o  separate  t h e  planes of optimum focus, reducing t h e  

A sampling s l i t  of  

Posit ioning 

This 
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depth of focus by using low f numbers. Data taken with s l i t s  of d i f f e ren t  
s i z e  or iented i n  a d i rec t ion  t ransverse t o  t h e  o p t i c a l  axis and located at  
d i f f e ren t  posi t ions along t h e  op t i ca l  axis of t h e  lens  system indica te  t h a t  
t h e  longi tudinal  resolut ion i s  about an order of magnitude below t h a t  i n  t h e  
t ransverse d i rec t ion ;  thus w e  could examine l i g h t  from a region of t he  plasma 
defined by t h e  cross-sectional area and posi t ion of t h e  s l i t  so t h a t  we sample 
a region 1 mm long t ransverse to t he  axis but 1 crn i n  extent along the  o p t i c a l  
axis, Measurements of r e l a t i v e  modulation of l i g h t  in tens i ty ,  as discussed 
later,  are i n  agreement with approximate calculat ions of t h e  depth of focus 
and degree of resolut ion to be expected from t h e  o p t i c a l  system. 

Light passing through t h e  sampling s l i t  i s  reimaged, using another lens ,  
on t h e  entrance s l i t  of a 1/4 m Ebert type gra t ing  monochromator. 
put from t h e  monochromator i s  detected by an  R 212 photomultiplier tube and 
t h e  s igna l  voltage i s  measured across t h e  photomultiplier load r e s i s t o r .  
The t o t a l  s igna l  voltage i s  taken as a measure of t h e  ove ra l l  l i g h t  i n t e n s i t y  
a t  t h e  o p t i c a l  wavelength selected by t h e  monochromator and i s  measured 
d i r e c t l y  on an in tegra t ing  d i g i t a l  voltmeter. 

Light out- 

Along with the  posi t ion of t h e  sampling s l i t ,  t h e  other var iab le  para- 
meter of t h e  system i s  t h e  wavelength s e t t i n g  of t h e  monochromator. 
adjustment allows se lec t ion  of individual  argon l i nes ,  or a sect ion of t h e  
continuum spectrum. Further adjustment allows recording of wideband l i g h t  
s igna ls  consis t ing of l i g h t  of a l l  wavelengths f a l l i n g  on the  entrance s l i t .  

Sui table  

The time-dependent p a r t  of t h e  photomultiplier s igna l  represents t i m e -  
dependent f luc tua t ions  i n  t h e  l i g h t  i n t ens i ty  f a l l i n g  on t h e  photomultiplier. 
These i n t e n s i t y  f luc tua t ions  a re  related t o  f luc tua t ions  of t he  plasma corre- 
sponding t o  t h e  i n s t a b i l i t y .  The photomultiplier s igna l  i s  amplified by a 
PAR 213 Preamplifier before being displayed on a Tektronics Spectrum Analyzer, 
and processed by a H.P. 31.0 Wave Analyzer. Fig. 18 shows the  system i n  block 
diagram. 

Data is  taken by recording t h e  frequency spectrum output of t h e  wave 

A r e l a t i v e  
analyzer on an X-Y Recorder, measuring t h e  i n s t a b i l i t y  peak amplitude and 
t h e  noise l e v e l  and recording t h e  d i g i t a l  voltmeter reading. 
modulation fac tor  i s  computedby normalizing each s igna l  value to t h e  
respect ive ove ra l l  l i g h t  i n t e n s i t y  measured by the  DVM, i .e. 

Relative Modulation = (V - 
peak 'noise )/vDVM: 

Previously, i n s t a b i l i t y  data from t h e  a rc  plasma has been presented i n  
terms of peak amplitude alone. In  some o p t i c a l  measurements, however, t h e  
noise l e v e l  can be appreciable compared t o  t h e  peak s igna l  l e v e l  (see Fig. 
20 and Fig. 19)* Further, since t h e  ove ra l l  l i g h t  i n t ens i ty  changes rap id ly  
over a small ( r a d i a l )  region of t h e  plasma (see Fig. 2 2 ) ,  it i s  necessary to 
normalize each measurement of a f luc tua t ion  i n  l i g h t  i n t ens i ty  i n  terms of 
t h e  ove ra l l  i n t ens i ty  sampled by t h e  instrument. 
i s  t h e  f r ac t iona l  modulation of t he  o p t i c a l  s igna l  a t  the  frequency of t h e  
i n  s t a b i l i t y  e 

Hence, what i s  measured 
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Frequency spec t ra  of t he  d r i n  wave i n s t a b i l i t i e s  at  t h e  edge 
of t h e  core  for Langmuir probe, 
band sensor. Discharge condition: V = 42 v o l t s ,  I,,, = 20 Amps,  
Cathode flow = 6.0, Anode flow = 2 .5 ,y  = 2000 gauss 

Two Argon I l i n e s ,  and a wide 
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Langmuir probe da ta ,  presented f o r  comparison, i s  measured using t h e  
same instrumentation (Fig. 18) and i s  p lo t t ed  using t h e  same normalization 
procedure, For t h i s  case, t h e  data represent t h e  f r a c t i o n a l  modulation 
o f  t h e  plasma poten t ia l .  

C. Charac ter i s t ics  of t he  Optical  Sensor 

Examples of t h e  frequency spectra  obtained from t h e  o p t i c a l  system 
are shown i n  Fig. 20 and Fig. 1-9. The f igures  show a comparison of  t h e  
results obtained f o r  t h e  d r i f t  wave i n s t a b i l i t y  using a f loa t ing  Langmuir 
probe, using two d i f f e ren t  Argon I l i n e s  and using t h e  wideband configura- 
t i o n  for  two t ransverse pos i t ions  of t h e  sampling s l i t .  

A t  t h e  edge of t h e  core (Fig. l9), where t h e  Langrnuir probe has reached 
t h e  l i m i t  of i t s  penetrat ion without excessive heating, t h e  two s ingle  l i n e  
s igna ls  and t h e  wide band s igna l  behave s imilar ly .  All t h ree  show a la rge  
low frequency noise component with t h e  r a t i o  of t h e  peak s igna l  amplitude 
to t h e  continuum s igna l  l e v e l  ("s ignal  to noise r a t i o " )  ranging from 6 to 1 
f o r  t he  wide band s igna l  to 7 to 1 f o r  t h e  43458 l ine .  
a t  t h e  same pos i t ion  shows a s igna l  to noise r a t i o  of 9 to l w h i c h  represents  
l i t t l e  improvement over t h e  o p t i c a l  measurement. 

The Langmuir probe 

r 

Although data  i s  shown for  only two Argon I l i n e s  t h e  v i s i b l e  spectrum 
i n  t h e  range of o p t i c a l  wavelengths from 3500 to 6000 a has been compared 
f o r  d i f f e ren t  t ransverse pos i t ions  of  t h e  s l i t  by sweeping t h e  monochromator 
wavelength and recording t h e  r e l a t i v e  output of t h e  photomultiplier.  
Results showed l i t t l e  or no change i n  t h e  r e l a t i v e  magnitude of t h e  
s t rongest  Argon I, I1 and I11 l ines .  
t h e  10  s t rongest  l i n e s  a t  two s l i t  pos i t ions  and showed only small random 
var ia t ions  from l i n e  t o  l i n e  w i t h  no p a r t i c u l a r l y  strongly modulated l i nes ,  
o r  anydiscernable t rends.  

Relative modulation w a s  compared f o r  

I n  general ,  t h e  Langmuir probe gives  b e t t e r  s igna l  to noise r a t i o s ,  
espec ia l ly  far from t h e  core. However, t h e  o p t i c a l  system permits explora- 
t i o n  of  t h e  core which has been impossible with a Langmuir probe. 
band configuration demonstrates grea te r  s e n s i t i v i t y  a t  lower l i g h t  l eve l s  
than do s ingle  l i n e  measurements. This i s  i l l u s t r a t e d  i n  Fig. 3 where, at 
a dis tance of 0.5 cm from t h e  edge of t h e  core, t he  appearance of t h e  Lang- 
muir probe s igna l  t o  noise r a t i o  increases  t o  15 t o  1, whereas t h e  s igna ls  
from both s ingle  l i n e  measurements a r e  v i r t u a l l y  lost i n  t h e  noise. The 
la rge  low frequency component remains, but  t h e  ove ra l l  s igna l  l e v e l  i s  
reduced. 
reduced s igna l  t o  noise r a t i o  of approximately 2 t o  1. 

The wide- 

The wide band s igna l  s t i l l  shows t h e  i n s t a b i l i t y ,  but a t  a much 

D. Radial P ro f i l e  of t he  D r i f t  Wave 

The design of t h e  o p t i c a l  sensor includes provisions f o r  moving t h e  
sampling slit e i t h e r  t ransverse to or p a r a l l e l  t o  t he  op t i ca l  axis. 
22 and 21 show t h e  r e s u l t s  of moving t h e  s l i t  i n  t h e  t ransverse d i r ec t ion  
when t h e  discharge conditions a r e  adjusted t o g i v e  r i s e t o  a strong d r i f t  wave. 

Figures 
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Figure 21 shows a comparison of r a d i a l  p l o t s  obtained from the  Lang- 
muir probe, t h e  4806 8 l i n e  and from t h e  wide band sensor. In  t h e  core, 
f o r  r a d i i  less than 0.5 em, only t h e  o p t i c a l  sensor can be used. The 
observed s igna l  amplitude f a l l s  t o  zero with the  s l i t  adjusted t o  sample 
l i g h t  from t h e  c e n t r a l  region of t h e  core. For t h e  discharge conditions 
used, t h e  Langmuir probe and o p t i c a l  sensor give s imi la r  r e s u l t s  from the  
edge of t h e  core out t o  1.6 em, showing t h e  amplitude of t h e  d r i f t  wave 
f a l l i n g  t o  zero a t  roughly t h e  same point .  
l i g h t  i n t e n s i t y  co l lec ted  by t h e  boresight op t i c s  i s  very l o w ,  ne i ther  t h e  
4806 8 l i n e  nor t h e  wideband sensors y i e ld  any use fu l  information. 
Langmuir probe, however, continues t o  ind ica te  the  presence of t h e  d r i f t  
waves a t  reduced amplitude. 

Beyond 1A em where t h e  ove ra l l  

The 

Figure 22 shows t h a t  although t h e  ove ra l l  l i g h t  i n t ens i ty  increases  
when approaching t h e  center  of t h e  core, t h e  r e l a t i v e  modulation repre- 
sent ing t h e  d r i f t  wave f a l l s  t o  zero. Because t h e  noise l e v e l  increases  
considerably i n  t h e  core, frequency spectrum da ta  alone does not rule 
out t h e  exis tence of t h e  wave i n  t h e  core. Therefore t h e  o p t i c a l  s igna l  
w a s  a l s o  processed by a PAR 100 Signal Correlator.  
measurements indicated no coherent o s c i l l a t i o n  i n  t h e  center of t h e  core. 

The auto c 0 r r e l a t & o n 3 ~  

This i s  t h e  f i rs t  t i m e  we have been able  t o  use a technique f o r  
detect ing t h e  d r i f t  wave i n  t h e  core i t s e l f .  It i s  t o  be expected t h a t  
t h e  m a x i m u m  amplitude of t he  driftwave would occur i n  t h e  region of 
s teepest  gradients  of e i ther  the  dens i ty  or temperature of t h e  charged 
p a r t i c l e  components of t h e  plasma. Langmuir probe da ta  show t h a t  a wave 
m a x i m u m  occurs i n  t h e  region of  a s teep  ion densi ty  gradient j u s t  outs ide 
t h e  core. The o p t i c a l  probe da ta  of Fig. 22 give f r e sh  information, but  
i t s  in t e rp re t a t ion  i s  not straightforward. The data ind ica te  t h a t  t h e  
r e l a t i v e  modulation i s  zero at t h e  center  of t h e  core. If the  longi tudinal  
resolut ion of t h e  o p t i c a l  system i s  indeed allowing us t o  examine only t h e  
center of t h e  core, and i f  problems of o p t i c a l  opaci ty  and l i g h t  i n t e n s i t y  
are not confusing t h e  i ssue ,  t h e n  w e  have an in t e re s t ing  result. 
work i s  i n  progress t o  se t t le  t h i s  matter. 

Further 

It i s  a l s o  c l ea r  t h a t  t h e  m a x i m u m  amplitude of  t h e  driftwave does not 
occur i n  t h e  region where a maximum occurs i n  t h e  r a d i a l  gradient of t h e  
4806 8 l i g h t  i n t ens i ty .  However t h i s  l i g h t  i n t e n s i t y  i s  connected with 
t h e  neu t r a l  p a r t i c l e  dens i ty  r a the r  than t h e  charged p a r t i c l e  density.  
The wave amplitude should co r re l a t e  more s t rongly with t h e  ion density.  
Clearly t h e  use of t h e  o p t i c a l  probe o f fe r s  t h e  opportunity of gaining a 
grea t  dea l  more information i n  a region previously inaccessible  for 
diagnostic purposes. 
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E. Future Investigation 

In  the  f i t u r e ,  it i s  planned to use the  op t i ca l  sensor to study the  
ion acoustic wave i n s t a b i l i t y  i n  a manner similar to tha t  described fo r  
t h e  d r i f t  wave. Preliminary work has shown t h a t  ion acoustic waves can 
a l so  be detected w i t h  t h e  op t i ca l  sensor. It i s  also planned to evaluate, 
quant i ta t ively,  the  resolut ion of t he  sensor along i t s  op t i ca l  axis, and 
t o  t e s t  i t s  effect iveness  i n  p lo t t i ng  axial prof i les  of the  drif’: wave and 
ion acoustic wave. 

Further experiments w i l l  be performed using both Langmuir and o p t i c a l  
probe sensing units and various geometrical shapes w i l l  be t r i e d  as suppres- 
sing elements, (p la te ,  screen, cylinders e tc .  ), i n  order to allow s t ab i l i za -  
t i o n  at  the  lowest value of gain or power input which can be achieved. 

We are a l s o  invest igat ing a remote feedback element consisting of t u r n s  
of wire around the  pyrex envelope containing the  arc .  Fig. 23 shows some 
i n i t i a l  experimental data  taken w i t h  t h i s  magnetic probe and points  up i t s  
usefulness as a sensing element. This f igure shows t h e  presence of an ion 
acoustic wave. The magnetic c o i l  o f f e r s  advantages fo r  use as a remote 
sensing element,,but i t s  f e a s i b i l i t y  a s  a remote suppressing element i s  yet  
t o  be determined. 

Combinations of sensing and suppressing elements w i l l  be investigated 
for i n s t a b i l i t i e s  other than drift  waves. In  addition now t h a t  we have t h e  
capabi l i ty  of applying feedback s t ab i l i za t ion  t o  t h e  plasma, quant i ta t ive 
invest igat ion of t he  e f f ec t  of growth and r e l a t i v e  magnitude of various 
i n s t a b i l i t i e s  on plasma phenomena can proceed. With the  amplitudes of 
coherent i n s t a b i l i t i e s  controlled by t h e  feedback s t ab i l i za t ion  technique, 
e f f ec t s  on charged p a r t i c l e  density and temperature p ro f i l e s ,  diff’usion 
loss  r a t e s ,  l e v e l  of turbulence, power spectra,  eke. can be studied i n  
d e t a i l .  
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Amplitude of Ion Acoustic Wave vs. Frequency, (a) Langmuir 
Probe; (b) Magnetic pickup pil, 
B = 580 Gauss, P = 4.0 x 10- torr. 
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INSTABILITY AMPLITUDES (Theoretical)  

Langmuir probe observations show t h a t  the  amplitude of t he  driftwave 
i n s t a b i l i t y  peaks just outside the  a rc  core, although the  ac tua l  r a d i a l  
posi t ion of wave m a x i m u m  depends on the  magnetic f i e l d  strength and the  
gas pressure. 
wave may f a l l  t o  zero within the  a r c  core. We have carr ied out some pre- 
liminary theo re t i ca l  work which can be used to explain these experimented 
observations. Since fur ther  work i s  required, only a br ied out l ine  i s  
included i n  t h e  present report .  

The op t i ca l  probe data shows t h a t  t h e  amplitude of t h e  d r i f t -  

Invoking a f l u i d  model i n  cy l indr ica l  geometry, t he  cont inui ty  equations 
for  ions and electrons can be used to obtain expressions fo r  the  t ransverse 
and r a d i a l  ve loc i ty  components. F i r s t  order perturbations i n  the  ion densrity 
and plasma po ten t i a l  can then be introduced and lead to a dispersion equation, 
t he  imaginary pa r t  of xhich, (cur), i s  r e l a t ed  to t h e  wave growth r a t e .  This 
expression has the  following form when terms of small magnitude (appropriate 
to the  plasma conditions i n  the  a rc)  a r e  dropped: 

= t h e  

= t h e  

v = t h e  
= t h e  

c i  (e )  where LD 

kZ 

d 

’ie (0) 

cyclotron frequency of t h e  ion, (e lectron)  

a x i a l  wave number 

ion d r i f t  ve loc i ty  

co l l i s ion  frequency between ions and electrons (neut ra l s )  

+ 2, = t h e  e f fec t ive  electron co l l i s ion  fxequency* ye = Ye; eo 

Note t h a t  f l u t e  modes (kZ = 0) a re  not allowed, since f i n i t e  k i s  required Z f o r  wave growth. 
t he  s t a b i l i t y  c r i t e r ion  involves t h i s  term, i s  requiring 
kZ cuci vd (1 - 9 \Jie/me 3 ) 5 4 ui0 siee 
w i l l  grow, provided (mi ?me i t h e  order of unity, ana may ge e i the r  pos i t ive  or negative i n  different  regions 
of t he  plasma,, we can understand how onset and growth of t he  driftwave a re  
a f f e c t e t ,  

The important term af fec t ing  growth i s  mi pie/me ye,  since 

If kZ i s  f i n i t e  the  wave 
However i f  t h i s  term E i s  of e )  = E <I_.. 

For a value of magnetic f i e l d  B = 1500 Gauss, for example, 
vd = 10 cm/sec, wci = 4 x 10 5 see-’, so t h a t  our c r i t e r ion  becomes: 

1 0 9 k e > p  Z i e  9 i o  

I n  the a rc  kz i s  of order 
S)ie = 10 sec - l  and .pia = lo5 sec- l  a r e  required for  growth. These 

values a r e  not unreasonable i n  t he  highly ionized argon plasma, although 
magnitudes of ion co l l i s ion  frequencies i n  a magnetic f i e l d  a re  not well  
known e 

and E of order 1, so t h a t  values of order 
2 
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This s implif ied ana lys i s  shows how important a r e  gradients i n  charged 
p a r t i c l e  densi ty  and temperature, which a f fec t  t h e  e f fec t ive  co l l i s ion  fre- 
quencies. Different  r a d i a l  regions of t h e  plasma must be considered 
separately.  
coherent densi ty  f luc tua t ions  must be included i n  a more comprehensive 
t h e o r e t i c a l  analysis., 

In  addi t ion t h e  phase difference between plasma po ten t i a l  and 

Acknowledgments 

The following graduate students have car r ied  out the  work reported i n  
t h e  preceding sect ions:  G. Huchital, J. Stufflebeam, R. Reinovsky, and 
G. Kambic. The continued i n t e r e s t  of t h e  technica l  monitor, D r .  K, Thorn, 
i n  t h i s  research, i s  g ra t e fu l ly  acknowledged. 



-56- 

REFERENCES 

1. Golubev, V, S., " Inves t iga t ion  of Charge Diff'usion i n  Ionized Gases by 
t h e  Diffusion Wave Technique", Sov. Phys, JETP 6, 1399 (1963) e 

2. Flannery, D. L. and Brown, S. C., "Alternating Current Diagnostic Study 
of Diffusion i n  a Highly Ionized Plasma i n  a Magnetic Field", Phys. F lu ids  
2, 1066 (1970). 

3. Self ,  S.  A. and Ewald, H. N., " S t a t i c  Theory of a Discharge Column at  
Intermediate Pressures" , Phys e Fluids  2, 2486 (1966) e 

4. Noon, J. H., Schmidt, H. A. and Holt, E, H e ,  "Connection Between Self-  
Excited Low Frequency Osc i l l a t ions  and Anomalous Plasma Diffusion", 
Plasma Phys. l2, 477 (1970). 

5. Das, K. P., " In t e rac t ion  Among Three Extraordinary Waves i n  a Hot Electron 
Plasma", Phys. F lu ids  - 14, 124 (1971). 

6. Hoijer, S. and Wilhelmsson, H., "Studies of Non-Linear Resonance Condi- 
t i o n s  f o r  Three-Wave In t e rac t ions  i n  a Plasma" , Plasma Phys. - 12, 585 (1970). 

7. Ogasawara, M. and Mori, S., ''Sum and Difference Frequency Generation i n  a 
Plasma by Two Nonuniform E l e c t r i c  F ie lds  i n  t h e  Preseiice of a S t a t i c  Mag- 
n e t i c  F ie ld  11", J. Phy. SOC. Japan 28, 74.8 (1970). 

8. Ohnuma, T. and Hatta, Y., l'Wave-Wave Coupling i n  Ion Wave Propagation", 
J. Phy. Soc. Japan 2, 1597 (1970). 

O t t ,  E., "Three Wave Mode Coupling Theory of Non-resonantly Unstable Waves", 
Phys. Fluids 13, 442 (1970) 
Wilhelmsson, H., "Non-Linear Coupling of Waves i n  a Magnetized Plasma 
with P a r t i c l e  D r i f t  Motives1t, J. Plasma Phys. - 3, 215 (1969) e 

9. 

10. 

11, Roth, J. R e ,  "Spec t ra l  Index and Sense of Energy Cascading i n  a Hot 
Turbulent Plasma", Bull. Amer .  Phy. SOC. l5, 1427 (1970). 

12. Arsenin, V. V. and Chuyanov, V. A,,  " P o s s i b i l i t y  of Suppressing t h e  D r i f t  
I n s t a b i l i t y  i n  an Inhomogeneous Plasma by a Feedback System", Atomnaya 
Energiya, 24, 4 (1968). 

S30 Keen, B. E., " In t e rp re t a t ion  of Experiments on Feedback Control of a 
'Drift-Type' I n s t a b i l i t y " ,  Phys. Rev, Le t te rs ,  - 24, 6 (1970) 

14. Keen, B. E. and Aldridge, R e  V., "Suppression of a ' D r i f t - T y p e '  I n s t a -  
b i l i t y  i n  a Magnetoplasma by a Feedback Technique", Phys. Rev. Le t te rs ,  
- 22, 25 (1969). 



-57- 

16 

17 * 

20 0 

21.. 

22 e 

23. 

24. 

26 e 

27 e 

28 e 

Parker, R, R. and Thomassen, K, I., "Feedback Stab i l iza t ion  of a D r i f t -  
Type Ins t ab i l i t y" ,  Phys. Rev. Let ters ,  22, 22 (1969). 

Keen, B. E., Pr ivate  Communication. 

Aldridge, R, V, and Keen, Be E., "Rotationally Convected D r i f f ,  Wave 
I n s t a b i l i t y  i n  an Inhomogeneous Plasma Column'', Plasma Physics, l2, 
(1-970) 0 

Chen, F. F, , "Feedback S tab i l i za t ion  of D r i f t  Waves by Neutral  Beams", 
Plasma Physics Laboratory, Princeton University, 1969. 

Chen, F. F. and Furth, H. P., "Low-Frequency Plasma S tab i l i za t ion  by 
Feedback-Controlled neu t r a l  Beams", Plasma Physics Laboratory, Prince- 
ton  University, MATT-707, 1969. 

Chu, T. K., Hendel, H, We, Perkins, F. W e  and Simonen, T. C, ,  "Remote 
Feedback S tab i l i za t ion  of D r i f t  I n s t a b i l i t y  by Microwaves", i n  "Feed- 
back and Dynamic Control of Plasmas", Chu, T. K. and Hendel, H. W., 
h e r .  I n s t i t .  Phys., New York, 1970. 

Chen, F. F., "Plasma Control with Infrared Lasers", i n  "Feedback and 
Dynamic Control of Plasmas", Chu, T. K. and Hendel, H. W., Amer. I n s t i t .  
Phys., New York, 1970. 

Garscadden, A. and Bletzinger,  P., "Feedback Experiments on Multimode 
Ionizat ion Waves", i n  "Feedback and Dynamic Control of Plasmas", Chu, 
T. K. and Hendel, H. W., Amer. I n s t i t .  Phys., New York, 1970. 

Carlyle, C., ttPassi-ire Feedback Stabi l izat ion",  i n  "Feedback and Dynamic 
Control of Plasmas", Chu, T. K. and Hendel, H. We, Amer. I n s t i t .  Phys., 
New York, 1970. 

Chu, T. K., Hendel, H. W., Jassby, D. L., and Simonen, T. C., "Feedback 
S tab i l i za t ion  of t h e  Transverse Kelvin-Helmholtz I n s t a b i l i t y  - Experiment 
and Theory", i n  "Feedback and Dynamic Control of Plasmas", Chu, T. K, and 
Hendel, H. W.,  Amer. I n s t i t .  Phys., New York, 1970. 

Simonen, T. C., "Feedback Applications t o  Basic Plasma I n s t a b i l i t y  E x p e r i -  
ments'', i n  "Feedback and Dynamic Control of  Plasmas", Chu, T, K. and 
Hendel, H. W e ,  Amer. I n s t i t ,  Phys., New York, 1970. 

Arsenin, V, V., Zhi l ' t sov,  V. A, ,  Likhtenshtein, V. Kh. ,  and Chulnov, V, A,, 
"Suppression of Cyclotron I n s t a b i l i t y  of a Rarefied Plasma with the  Aid of 
a Feedback System" , JETP Letters 8, 2 (1968) 

. 

Van der  Pol, B., "On Osci l la t ion  Hysteresis i n  a Triode Generator with Two 
Degrees of Freedom", Phil., Mag. 43, TOO (l922),  

Simonen, T. C , ,  Chu, T, K , ,  and Hendel, H. W , ,  "Feedback Control of Col l i -  
s iona l  D r i f t  Waves by Modulated Parallel-Electron-Current Sink--Experiment 
and Interpretat ion",  Plasma Physics Laboratory, Princeton University, MATT- 
7% (1969). 



-58- 

29, Tanaca, He and Hagi, Me, "A Resonant Suppression of Low Frequency Oscilla- 
tion in Plasma", J. Phys. SOC. Japan, 20, (1965). 

30. Gunshor, Re Le, Noon, J. H., and Holt, E, He, "Correlation Measurements 
of Ion Acoustic Waves in a Highly Ionized Plasma", Phys. Fluids 2, 
1763 (1968) * 


